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Carotenoids contribute to energy transductit>n in the light har\'esting complexes and serve in protection from excess light 
fluence. Because of the importance of carotenoids, the genes encoding enzymes of carotenoid biosynthesis in higher plants 
are potential targets for herbicides. To obtain further insight into tobacco carotenoid biosynthesis and to investigate and 
prioritize potential herbicide targets in the pathway, the effects of changed phytoene synthase (PSY) and phyttiene 
desaturase (PDS) gene expression were studied in transgenic tobacco {Nicotiana tabncian Petit Havana SRI) plants. Genes for 
both enzymes were cloned from tobacco, and surprisingly two functional PSY genes w^ere found. Transgenic tobacco plants 
ctinstitutively expressing these genes in both sense and antisense orientations w^ere examined regarding phenotype, 
carotenoid ct>ntent and transcript levels of carotene biosynthesis genes. Overexpression of either psy gene resulted in severe 
phenotypic effects including dwarfism, altered leaf morphology, and pigmentation. A correlation among phenotype, 
transcript level, and metabolic profile was demonstrated by comparison of hemizygous and homozygous plants from the 
same transformation e\'ent. Antisense expression of PSY and PDS also caused lethal phenotypes. Transcript levels of other 
carotene biosynthesis genes remained unaltered in the transgenic mutant. Phytoene accumulated in plants expressing 
antisense RNA to pds. However, elevated le\x»ls of phytoene were detected suggesting an increase in metabolic flux into this 
pathway. 


Carotenoids, both carotenes and xanthophylls, the 
oxygenated derivatives of carotenes, are colored pig- 
ments common to all photosynthetic organisms. The 
unsaturated C40 hydrocarbons not only give color to 
fruits and flow^ers but have multiple functions in 
photosynthesis. They participate in hght harvesting 
in photosynthetic membranes and protect the photo- 
synthetic apparatus from excessive light energy by 
quenching triplet chlorophylls and singlet oxygen 
(Siefermann-Harms, 1987), Furthermore, carotenoids 
provide a structural component of some pigment- 
protein complexes (Moskalenko and Karapetyan, 
1996). 

In higher plants, carotenoids are synthesized in the 
plastids from isopentenylpyrophosphate precursors 
originating from the glyceraldehyde phosphate/ 
pyruvate pathway (Lichtenthaler et al., 1997; Cun- 
ningham and Gantt, 1998). The first committing step 
of carotenoid biosynthesis is a head-to-head coupling 
of two molecules of geranylgeranylpyrophosphate 
(GGPP) to yield colorless phytoene by phytoene syn- 
thase (PSY), with prephytoene diphosphate as an 
intermediate (Fig. 1). Subsequently, four additional 
double bonds are introduced by desatu rases produc- 
ing the colored carotenes phytofluene, ^-carotene, 
neurosporene, and lycopene. Fycopene is cyclized 
twice by two individual cyclases, yielding a- and 
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jS-carotene, which subsequently are further pro- 
cessed to different xanthophylls, such as lutein, vio- 
laxanthin, and zeaxanthin. 

The gene encoding PSY has been cloned from a 
variety of organisms, such as bacteria, algae, and 
plants. Whereas most plants have a single gene, two 
differentially expressed genes exist in tomato {Lyco- 
pcrsicon esculent um), psy\, which had been identified 
as a fruit-ripening-related gene named pTOMS 
(Slater et ah, 1985; Hartley et al., 1991), contributes to 
phytoene formation in tomato chromoplasts (Giu- 
liano et al., 1993), whereas psyl was related to carot- 
enoid biosynthesis in mature leaves (Bartley and 
Scolnik, 1993). Because antisense expression of psy\ 
alters carotenoids in the fruit but not the leaves and 
because yellow fruit mutant contains a defective psyl 
gene, the results from genetic experiments suggest 
that PSYl functions in the fruit and PSY2 functions 
primarily in leaf tissue (Bramley et al., 1992; Fraser et 
al., 1999). 

The high economic value of carotenoids as a nutri- 
tional source of vitamin A and coloring agents in 
foods resulted in several attempts to increase caro- 
tene biosynthesis in planta. Seed-specific overexpres- 
sion of bacterial PSY targeted to the plastid led to a 
50-fotd increase in carotenoid levels in the mature 
seeds of Brassica nap us (canola) (Shevvmaker et ah, 
1999). Increasing carbon flux into the carotenoid 
pathway can produce other phenotypes because the 
GCiPP is an intermediate common to many pathways. 
For example, tomato plants with constitutive overex- 
pression of the fruit- re la ted PSYl showed dwarfism 
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Figure 1. [biosynthesis <:»f carotenes in plants. 

and reduced gibberellin lev els because of redirecting 
GGPP from the respective pathway (Fray et al., 1995). 

In plants, algae, and cyanobacteria, the desatura- 
tion steps are performed by two individual enzymes. 
Phytoene desaturase (PDS) introduces two double 
bonds at symmetrical positions Cll and Cll' of phy- 
toene and f-carotenc desaturase (ZDS) at symmetri- 
cal positions C7 and C7' of ^-carotene. The deduced 
peptide sequences of PDS genes show a high degree 
of similarity between different plant species as is the 
case for the ZDS genes. It is interestingly that PDS 
genes show 33% to 35°o similarity to ZDS genes and 
can be grouped together in phylogenetic analysis, 
indicating a common ancestor of both genes (Al- 
brecht et ah, 1995; Hirschberg et al., 1997). The de- 
saturases are inactive when soluble (Bonk et al., 
1997). They associate w ith the membrane via binding 
to FAD. The FAD appears to feed an electron trans- 
port chain involving quinones and the plastid termi- 
nal oxidase (PTOX), which ultimately reduces oxy- 
gen (Mayer et al., 19^0; Norris et al., 1995; Al-Babili et 
al., 1996; Carol et al., 199^; Wu et al., 1999; Josse et al., 
2000; Carol and Kuntz, 2001). 

The protective function of carotenoids depends on 
the complete conjugated double-bond system. As a 
consequence, any step in carotene biosynthesis (Fig. 
1) up to lycopene formation is a potential target for a 
herbicidal inhibitor (Boger and Sandmann, 1998). To 
illuminate the mechanisms underlying carotene bio- 
synthesis and to further ev aluate the use of the re- 
spective enzymes ft^r herbicide discovery, we up- 
and down-regulated the PSY and PDS from tobacco 
(Nicotidiia tabacinn). Overexpression of PSY resulted 
in a dwarf phenotype with severe effects on leaf 


morphology, flowers, capsules, and seedlings. The 
down-regulation led to a decrease in carotenoid lev- 
els and a lethal phenotype in progeny with multiple 
insertions of the transgene into the genome. For PDS, 
the down-regulation led to an accumulation of the 
immediate precursor phytoene. Decreasing PDS lev- 
els resulted in lethal phenotypes in homozygous 
seedlings. 

RESULTS 

Cloning the Genes of PSY and PDS from Tobacco 
The coding sequences of tobacco PSY and PDS 
were cloned with PCR-based methods. For psy, two 
different genes have been found. The mRNA of psy\ 
encodes a protein with a deduced peptide sequence 
of 440 amino acids. The protein shows high sequence 
similarity to the peptide sequence of tomato PSY2 
(93^o identity). The mRNA of psy2 encodes a slightly 
shorter peptide sequence of 410 amino acids with 
89% identity to the tomato PSY2. P$y\ and 2 show 
86% identity in both nucleotide and amino acid se- 
quence. Major differences can be found in the amino- 
terminal sequences. Both sequences share conserved 
sequence motifs found for polyisoprene synthases 
(squalene synthates and PSY) as noted in the 
BLOCKS database (Henikoff and Henikoff, 1991). 
Northern blot analysis revealed that the expression 
level of tobacco psyl was much higher than the al- 
most undetectable ;^sy2 (data not shown). 

The mRNA of pds encodes a protein with a de- 
duced peptide sequence of 582 amino acids. The 
protein shows high sequence similarity to the protein 
sequences of pepper {Capsicum annuuni) and tomato 
PDS (95% and 94% identity, respectively). An FAD/ 
NAD-binding motif is found near the NH2-terminal 
end of the protein, as in other PDSs from various 
organisms (Bartley and Sandmann, 1994). 


Overexpression of PSYl and 2 Led to a Severe Dwarf 
Phenotype and an Accumulation of Phytoene 

The coding sequences for tobacco PSYl, PSY2, and 
PDS were expressed both in sense (PSYl"^, PSY2^, 
PDS ' ) and in antisense (PSYl , PSY2 , PDS ) orien- 
tation under control of a duplicated 35S RNA pro- 
moter in tobacco. Transgenic plants obtained by 
Agrobacteriiitn ttinicfncictis-mediated transformation 
of protoplasts as well as leaf discs were sent to the 
greenhouse; 6 to 7 weeks thereafter the contents of 
different carotenes and xanthophylls were deter- 
mined by HPLC. 

Among 44 lines overexpressing psyl, 10 showed 
various degrees of significant phenotypic changes in 
comparison with wild type or control plants trans- 
formed with the empty v ector. The leaves of the most 
affected plants showed abnormal pigmentation, 
sometimes looking like parchment, and were very 
hairy (Fig. 2A). The sides of the leaves typically 
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Figure 2. Fctofiic (■\[)r(^ssi()n oi f\SYl in t(if)arto k\ujs to Sfvore f )!m ti» )i\ ( pk cttci is A. lr.it « »t Imc PS^ 1 * 10 showing 
<il)normal fiigmontarion and t urlmg of the leaves. B, Buds of line PSYl * IJ am'sicij m tlitv\tr dcvcl* (|iinent. < . While flowers 
of lines F^SYl "27, J'l, ancl 31 (right, Ixittorn to tof>) in c ()mf)arison with il(»v\er oi (onirol [tiani :li ii) D, ( )ratn;f i af)sules of 
line I'SYl ^27 in c < )tnf)arison with mounted capsule of c ontr<il f)lant 'red arrow; [. Sccdlini^s irtifn selling line ['S> K 3 1 
d(^veloping on IS medium (ontaining kanamyc in segr(*gate mto cJifi<r( nt [ >li( in it\ [m ^ luild Kpf. t\f)e <i li;r»i n], tyf>e O 
|orang{^ primary lea\es|), <ig(ni 2 w(x^ks. f", Momo/ygous seedlings of line 1 ' Wi ■ I . gi -tx r.it h >n i (j, Dw.irt phenotyf)e of 
primary transformant f'SYl ' ]0 7 wf^eks after setting to the grr^enhou^c deiti m t < .tnf iaris< <n with < »»ntrol fdaiK with (MTTfjIy 
transformation vec tor (right). M, F, generation of line f'SY 1 * 18, ageti ~ wecK m gri r,.!! mg into tv[)e G (miildlc: and tvf)e () 
(right) [)lants in comparison with control f)lant ilvil). 


rolled up to the middle \ein. Very young lea\'es 
sometimes were colored bright orange, but then rap- 
idly turned green. Some plants exhibited a strong 
dwarf phenotype (Fig. 2G), others developed numer- 


ous buds but failed to flower (1 ig. 2B), and others 
flowered but lacked the typical pink flower color of 
wild-type plants and were white to very pale pink 
instead (Tig- -C). Upon selfing, the plants developed 
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orange capsules instead of normal green capsules 
(Fig. 2D). Among the 40 transgenic plants o\'erex- 
pressing six resembled the effected PSYl * , 

plants but the effects were much weaker. Carotenoid 
and chlorophyll contents of all transgenic lines ox er- 
expressing psi/1 or /?si/2 were determined by HPLC 
and compared with control plants. PSYl ^ plants ex- 
hibiting a morphological phenotype accumulated 
phytoene between 13 and 60 nmol g ^ plant material 
based on fresh weight, whereas phytoene did not 
accumulate in the controls (Table I). Some plants 
showed an increase in both carotenoid content up to 
127"o and chlorophyll content up to 116"/o; others 
showed reduced chlorophyll content down to 407o in 
parallel with an unchanged to reduced carotenoid 
content down to 54*>o. The ratio of chlorophyll to 
carotenoid content was determined as a measure- 
ment for all the plants. The chlorophyll to carotenoid 
ratio decreased from 4.5 ±0.1 mol mol ^ to an av- 
erage of 3.9 ± 0.2 mol mol ^ among the affected 
plants with one line having a minimum of 2.6. Mea- 
surement of pigment content of orange capsules in 
comparison with green capsules revealed a strong 
accumulation of phytoene and lycopene together 
with slightly reduced xanthophyll content. The or- 
ange capsules shov^^ed reduced chlorophyll content 
down to 6% and an increase in total carotenoids to 
400%. 

Transcript levels of transgenic plants expressing 
;?syl and 2 were determined using slot blots, northern 
blots, and quantitative reverse transcriptase (RT)- 
PCR. Slot-blot analysis show^ed a significant overex- 
pression of ft>r 60"''o of the transgenic plants (data 
not shown). Some of these were subjected to further 
analysis by northern blot and showed a strong in- 
crease in ps\j\ transcript levels compared with control 
plants (Fig. 3B). For a set of five plants, a detailed 
analysis was made by quantification of transcript 


le\'els of carotene biosynthesis genes /^^yl ^"^^ 2, pds, 
zds, and /ci/b to show possible reactions of these 
genes in response to the o\'erexpression of psyl. For 
this purpose zds from tobacco was cloned with a 
similar RACE protocol as used for cloning of PSY, 
and Ic\/b was cloned by PCR using the sequence 
published by Cunningham et al. (1996). Transcript 
lev els of the genes showed no significant difference 
in comparison with levels in control plants, although 
there was an increase in transcript level by a 

factor ranging frc:>m 5 to 13 (Fig. 3 A). Determination 
c^f transcript levels of transgenic lines expressing pS}/2 
revealed similar results (data not shown). 

Correlation of Metabolic and Phenotypic Effects with 
Transcript Levels in Progeny of Transgenic Plants 
Overexpressing PSY 

After self-fertilization and harvesting capsules 
from selected transgenic lines, seeds were regener- 
ated with kanamycin to generate homozygous plants 
overexpressing psi/1 and psyl. The most severely af- 
fected PSYl" and all PSY2^ plants segregated in a 
ratio of 1:15 (wild type:transgenic) or low^er, indicat- 
ing two or more unlinked copies of the transgene 
having integrated into the genome. Seedlings of some 
weaker affected plants, how^ever, showed a segrega- 
tion pattern expected for a single insertion. About 
one-fourth of the seedlings exhibited slightly orange 
primary leaves and produced stunted plants (type 
O), w^hereas another one-fourth was kanamycin sen- 
sitive (wild type), and one-half showed a normal 
green phenotype and produced plants resembling 
their parent (type G), resulting in a segregation pat- 
tern of 1:2:1 (wild tvpe:type G:type O; Fig. 2E). Type 
O progeny of Imes PSYl ' 18 and PSY1^31 just 
reached 15% to 20% of the height of control plants 
(Fig. 2H). They did not develop normal buds, and 
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Figure 3. Constitutive ov(*rex[)ression of tobacco PSY1 in tobacco Poly(A") RNA Wcis isolated from mature leaves of 
7-week-okl transgt'nic tol)at co f)lants from the greenhouse. A, mRNA was subjcn ted to RNA g(H-blot analysis and hy[)ridized 
with f)ro[)es derived I'rom psy^ . I anes 1 to 6, Control lines pSSOS, 07, 09, 1 7, 20, and 26; lanes 7 to 1 1 , lines PSY1 * 1 8, 27, 
4 ?, 29, and B, mRNA of linens PSY1 MO, 18, 27, anci S8 was sul)jerted to c]uantitative RT-RCR using SfX'cific f)rimcrs and 
(>robes for ()u<mtification of c arotenoid liiosynthcsis genes psyl , psy2, fids, zds, anci lc}h liased on caliliration with in vitro 
transc ribecJ RNA of the resfjectiv(> genes. Trror bars ref>resent 2 so as t alculatcni from errors of C]uant itative RT-F^C^R, dilution, 
an(i determination of total mRNA concentration (cone .). 


just one single flower of line PSYl ^ 18 gave rise to a 
capsule. All seedlings of this capsule showed the 
type O phenotype and w^ere, therefore, homozygous 
(Fig. 2F). Type G plants of generation showed the 
segregation into wild type, type and type O seed- 
lings and were, therefore, hemizy^ous. Hemi- and 
homozygous progeny of line PSYl 18 had elevated 
psi/1 transcript le\ els, and these levels were doubled 
in homozygous plants compared with hemizygous 
plants. The carotenoid content of hemizygous plants 
was increased, whereas chlorophyll content re- 
mained unchanged. In homozygous plants, however, 
both total carotenoid content and chlorophyll content 
decreased to about SO'Yo and 4VVa, respectively, and 
phytoene accumulated. Thus, pigment content and 
\'isible phenotype reflected the increased transcript 
le\'els of these plants. 

Antisense Expression of PSYl in Transgenic Plants 
Resulted in Deleterious Effects in Progeny Having 
Multiple Insertions of the Transgene. 

In contrast to transgenic plants ov^erexpressing pt^yl 
and 2, antisense expressic^n of these genes resulted in 
no significant phenotype in primary transformants. 
Measuring pigment content rexealed slightly de- 
creased carotenoid content as expressed by increased 
chloroph\^ll to carotenoid ratios for six of 58 trans- 
genic plants expressing antisense RNA to /?si/l (Table 


II). The most prominently affected plants, PSYl 17 
and 39, had relative carotenoid contents of 48% and 
51% and chlorophyll to carotenoid ratios of 5.1 and 
5.8 mol mol \ respectively, compared w^th 4.5 mol 
mol ~' for control plants. Among 26 plants expressing 
antisense RNA to psi/2, none showed either pheno- 
typic or metabolic differences in comparison with 
control plants. 

Based on the segregation pattern, we found that all 
lines with increased chlorophyll to carotenoid ratio 
had two or more insertions of the transgene into the 
genome. Among these lines PSY 39 show^ed a com- 
plex segregation pattern. Ten of the kanamycin- 
resistant seedlings were set to soil in the greenhouse 
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Figure 4. F\f)r(^ssi()n (it .intis(Hisc KNA to I'SYI if^SVl ) anc] IM^S (fM)S ) in lr.insi',cni( toh.ucd a^sults in .ibnormal 
f)ignirnlali(>n and k'lhalily in progeny. A, f , s(^c{llings of Inic PSYl <)g<'(l J vvecl-s, sliowing rftiut si/o and f)<ik' 

f)riniary It av('s when ( omf>ar<Hi with scH'dlings ol ( ontrol [)laiits hciring th(^ ('m[)t\ transtorniation vt rtor. B, I ■^ seedlings ot 
( ontrof line pSS Vi, aged 2 weeks ( , f , firogenv of line f'SVl ar(> lethal. I\ f , progenv h ot line PSVl agecJ 7 

we(^ks, redut (Mi in si/(^ an{i showim; fiale l(Mves deftt in ( ( jniparison with control plant irigfm. f. White ( .ipsules ot lirie 
I'DS IV I , White ( .ifisule of IhkM 'I )S 1.3(righti in (omfi.irison with cafisule of ( ontrol plant i l(Mt) (i, Wliite spot on leat 
ot line P[)S 24, aged (> weeks. I I'af of line IM)S 30. I, UMf of line f'DS 47. |, Seedling of line PDS 13 S d after setting 
to soil. K, f 1 seedlings of lin(^ P[)S 1 d(^v(4o[>ing on I S nuMJiuni ( ontaining kananiy( in segregat(* into wikj ts'pe (just f>riniary 
leaves*, t\[>e I MulK gre(MTi, and l\'pc II ihleat hing s(H ()ndar\' le.u'es) s(H*dlings. 

and seven showed pale to white primary leaves but and B). When growing, the seedhngs developed into 
normal secondary lea\*es and were significantly re- different phenot\pes. Presumably because of differ- 
duced in size compared with control plants (Fig. 4, A ent dosages of the antisense transgene, all degrees of 


444 


Plant Piivsiol. \'ol. 128, 2002 


E^t\\ Steps ot Carotenoiei Bios\ nthesis in Tobacco 


effects were found in these plants. The most sex erely 
affected plant turned completely white and died 
within 2 weeks after being set to soil (Fig. 4C). An- 
other plant developed very pale leaves with veins 
that were light green, was reduced in height to about 
25% of control or w^ld-type plants, and developed no 
buds or flowers (Fig. 4C). Finally, leaves turned com- 
pletely white. When measuring carotenoid contents 
of this plant, a decrease in total carotenoids to 17% 
was found accompanied by a decrease in chlorophyll 
content to 30%, resulting in a chlorophyll to carot- 
enoid ratio of about 8.0 mol mol ^ (177%). Other 
plants showed less severe effects with slightly de- 
creased pigment concentrations and chlorophyll to 
carotenoid ratios between 4.5 (100%) and 5.0 (110%). 

Ectopic Expression of PDS Had No Effect on 
Transgenic Tobacco Plants 

Among 52 independent PDS ^ lines with confirmed 
increases in PDS transcript levels, none showed ei- 
ther phenotypic or metabolic effects. Some individual 
lines w^ere analyzed in northern blot experiments. 
Although only very low PDS transcript levels were 
detectable in leaves of control plants, the lines ex- 
pressing sense mRNA for the respective genes 
showed a strong increase in transcript levels (Fig. 
5B). For a set of fi\ e plants with elevated pds, tran- 
script levels of carotene biosynthesis genes /'syl and 


2, pds, zds, and Icyb were determined and found to be 
unchanged (Fig. 5A). 

Down-Regulation of PDS Led to an Accumulation of 
Phytoene in Leaves of Tobacco 

From 55 independent lines with PDS ", six showed 
an accumulation of phytoene, ranging from 50 to 
1,400 nmol g ^ plant material (Table III). In wild-type 
SRI and in control plants bearing the empty trans- 
formation vector, no phytoene could be detected. The 
total carotenoid content in these plants w^as higher 
than in control plants that have an average total 
concentration of about 440 nmol g \ The phytoene 
content was related to the content of total residual 
carotenoids. The resulting phytoene to carotenoid- 
phytoene ratio gives a measurement of the propor- 
tion of precursors accumulating because of inhibition 
of PDS in comparison with those that can still be 
processed. The highest phytoene concentration of 
1,399 nmol g ^ plant material w^as measured in line 
PDS" 47, resulting in a phytoene to carotenoid — 
phytoene ratio of 3.91 mol mol \ 

Notably, the phenotype of those phytoene- 
accumulating lines showed some differences regard- 
ing bleaching. While lines PDS 35 and 54 having the 
slightest phytoene accumulation looked like control 
plants, line PDS ~ 24 showed some white spots of 3 to 
5 mm in diameter (Fig. 4F). The even more phytoene- 
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0.33 
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1.17 
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PDS 47 
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48 - 10 

O.U) 

I ike wild tyf>e 
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1 ,9()1 - 2S1 

437 ± 2 6 

0 ± 0 

0.00 

I ike wild type 


accumulating lines showed white areas in between 
the \ eins (PDS 30, Fig. 4G) and white \ eins and leaf 
tips (PDS 47, Fig. 4H). Bleaching appeared 4 to 5 
weeks after setting the plants to the greenhouse. One 
exception was line PDS 13 that produced white cap- 
sules (Fig. 4, D and E) but showed a completely 
normal leaf phenotype. 

In the F, Generation of Line PDS"13, White 

Kanamycin-Resistant Seedlings Were Not 

Viable Either in Sterile Culture or in the Greenhouse 

To examine the phenotype in homozygous plants, 
the phytoene-accumulating lines w^ere allowed to 
self. For most of the lines the segregation indicated 
two or more insertions of the transgene into the 
genome, but progeny of line PDS" 13 segregated into 
three phenotypes in a 1:2:0.9 ratio. One phenotype 
was kanamycin sensitive, representing the wild type. 
Heterozygous plants were phenotypically normal 
during vegetative growth and developed white cap- 
sules. Homozygous plants were initially green but 
turned white by the four-leaf stage. The seedlings 
bleached out from the shoot axes to the leaf tips of the 
primary and secondary lea\es. Finally, these seed- 
lings turned completely white. In sterile culture, the 
chlorotic seedlings developed up to eight lea\x^s at 
the most. When set to the greenhouse these seedlings 
died within 1 week (Fig. 41). It is interestingly that in 
sterile culture primary transformant PDS 27 showed 
a phenotype like the chlorotic seedlings from line 
Pt)S 13, but we were not able to grow this plant or 
set it to the greenhouse to get seeds. The bleaching 
was also observed in lines with multiple insertions, 
indicating that this phenotype is not caused by an 
insertion effect. 

To measure carotenoid contents in seedlings from 
line PDS 13, we pooled green ones and white ones 
separately and used them for HPLC analysis. In par- 
allel, we pooled seedlings of control plants. Tlie 
green seedlings of line PDS 13 showed a strong ac- 
cumulation of phytoene to 1,033 nmol g ^ plant ma- 
terial, accounting for a ph\'toene to carotenoid — 
phytoene ratio of 8 mol mol V In the white seedlings, 
phytoene was the only carotene with an amount of 


681 nmol g ^ plant material and a phytoene to carot- 
enoid — phytoene ratio of 49 mol mol \ Notably, 
small amounts of xanthophylls were still detectable 
with a relative concentration of about 10% in com- 
parison with control seedlings. 

When Expressing Antisense RNA to psyl, psyl, and 
pds, Transcript Levels of Other Carotene Biosynthesis 
Genes Remain Unchanged 

Expression of antisense RNA to pds in transgenic 
tobacco plants led to severe phenotypic and meta- 
bolic changes even in the parental generation, 
whereas for psyl generating F^ progeny was a pre- 
sumption for phenotypic effects. Antisense expres- 
sion of psy2 resulted in no deviations in comparison 
with control plants. There might be some kind of 
transcriptional regulation to overcome the effects of 
antisense expression of the respective genes in leaves 
of tobacco. To illuminate this, each five plants ex- 
pressing antisense RNA to psyl, psyl, and pds were 
taken for detailed analysis of transcript levels by 
quantitative RT-PCR. It has to be mentioned that 
probes and primers used for quantitative RT-PCR are 
able to bind to sense RNA as well as antisense RNA 
and will thus amplify both RNA types in these plants 
expressing antisense RNA to one of the genes. The 
transcript levels of all carotene biosynthesis genes 
showed no significant changes (see error bars) but 
with the following exceptions (Fig. 6). In plants ex- 
pressing antisense RNA to psyl the transcript level of 
psyl was reduced to about 15%. The opposite effect 
was much weaker because in PSY2 plants the tran- 
script le\ el of ;7Si/l was reduced to just about 65%. 

DISCUSSION 

Based on high sequence conserx ation among either 
psy genes or zds genes from different plant species 
and a known fragment of the Nicotiivia hcnthamiana 
pds gene, we were able to clone the respective genes 
from tobacco (N. tabacum) by using \'arious PCR- 
based methods. The cloned genes encode proteins 
with homologies higher than 90% identity to the 
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respective genes from other plant species and share 
conserved sequence motifs. 

The high sequence similarities, but more impor- 
tantly the accumulation of phytoene in PSV- 
expressing trfinsgenic Imes and in plants expressmg 
antisense RNA to pd>, mdicate that the genes encode 
functional PSYs and PDS. Pi>r ZDS, this remains to be 
demonstrated. 

The finding of two rS\ genes in tobacco w as sur- 
prising because most plants, including Arabidopsis, 
with a completely sequenced genome have only one 
gene. So far the only other species with two p>y genes 
known is tomato, hi tomat(.>, the two enzymes are 
related to different organs, /'si/1 to the fruit and 
to the leaf. For the closeh related pepper, w hich also 
produces carotenoids m the truits, however, only one 
psy gene has been found (Komer et al., 1993; Ha et a!., 
1999). Phylogenetic anah sis of genes from differ- 
ent plant species and t\\ i> c\ anobacteria re\ oaled 
grouping of tobacco /'si/1 and 2 with tomato ;?>i/2 and 
1, respectively (Fig. 7). C^^ne can assume a duplication 
event of an ancestral p^y gene tliat tiH>k place prior to 
separation of Lt/copcr^icon and Nhi^tiiitia into different 
genera. 

C^\ere\pression of both p^u genes resulted in a 
se\ ere dwarf phenot\ pe .ili>ng \\ ith changes in pig- 
ment composition and an accumulation c^f phytoene. 
When comparing hemi- and homozygous plants of 
indi\'idual transgenic lines, the severeness of both 


phenotype and metabolite changes correlated with 
transcript le\ els of o\ ere \ pressed psy gene. Whereas 
a moderate expression le\el just led to slightly in- 
creased carotenoid content, a strong increase in psy 
expression led to a dwarf phenotype and a decrease 
in total pigment content, along with accumulation of 
phvtoene. Cither researchers have attributed the 
dwarf phenot\ pe in /'^i/-o\'erexpressing plants to re- 
duced gibberellin le\ els that result from an increased 
utilization of CiCiPP into phytoene at the expense of 
the gibberellin and other pathways, e.g. biosynthesis 
of phytol, tocopherol, phvlloquinone, and plastoqui- 
none (Frav and Griersi^n, 1993; Fray et al., 1995; 
Shew^maker et al., P^'^w). 

Antisense expression of PSY in transgenic tobacco 
plants resulted in an increase in chlorophyll to carot- 
enoid content in some PS^'l plants but no differ- 
ences in \ isible phenotype compared with control 
plants. C(im parable results were reported for viral 
expression ot antisense RNA to bacterial psy in N. 
boitliauitmia, which resulted in no phenot\'pe apart 
from effects due to \ iral infection (Kumagai et al., 
P^*^3). The expression of antisense RNA to tomato 
;>si/l resulted in inhibition of carotenoid biosynthesis 
in flowers and fruits but had no effect in leaves 
(Bramley et al., l^^^Z; [ones et al., 1998). 

Plants that had reduced levels of psy had reduced 
knels of both carotenoids and chlorophyll. Earlier 
experiments had shown that carotenoids are required 
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Figure 7. f'hylogoncMic tree of f'SYs from different f)l<mt and tya- 
nobacterial origin. Deduceti f)efjtide sec]uentes of different I^SYs 
were aligned using ClustalX 1.8 (Thomf)son et al., 1997) and a 
phylogenetic tree was (Irawn using the neighlxir-joining method 
(Saitou and Nei, 1987}. SYC, Syncchocystis sp. (a( c ession no, 
f';i7294); sec, Synn hococcus s(). c ession no. f\J7269); I YC:, /. 
cscufentLJm (PSM, ac cession no. f*()8196; l'SY2, <k c ession no. 
f';j7273); NIC, N Lihc^cum; CAP, C. (j/nyum (ac c ession no. P37272); 
ARA, Arahidopsis (ac t ession no. Al 009954; F . Castrignano and Cj. 
Giuliano, un()ul)!ished data); C^IT, Citrus X fhir.idisi (<u c ession no. 
AI1928S2); CLJC, (\jcumis mclo (ac cession no. P4929:i); NAR, N. 
pseudonym issus (accession no. PS 3797); /[A, /ca mays (acc cession 
no. P4908SK 

not only for photoprotection but also for the func- 
tional assembly of the pigment-protein complexes of 
the light-har\ esting complexes and the buildup of 
primary thylakoids (Karapetyan et al., 1991; Boly- 
chevtsex a et al., 1995). The lack of chlorophyll can 
then be attributed to the reduced carotenoid content. 

Pheno types were observed for psi/1 an ti sense ex- 
pression but not for ;^^y2. This can be attributed to the 
different expression levels of the genes. Antisense 
expression of p^}/l results in a strong decrease of the 
total amount of PSY, whereas antisense expression of 
;?si/2 results in only the decrease of the alreaciy low 
amount of />si/2 with /'syl mostly remaining. The 
observ ed cross-antisensing is obv iously not sufficient 
to decrease the ;?syl in p^y2 antisense plants. 

Unlike PSY ' plants, no transgenic lines ove rex- 
pressing pds showed any phenotypic or metabolic 
effects, although there was a strong increase in tran- 
script levels in most analyzed lines, implying that 


PDS is regulated post-transcriptionally. This notion 
is supported by studies indicating that PDS is acti- 
vated from soluble inactive forms by flavinylation 
and membrane association (Al Babih et al., 1996; 
Bonk et al., 1997). This activation may be linked to 
and eventually regulated by an electron transport 
chain that involves plastoquinone and PTOX (Carol 
et al., 1999; Wu et al., 1999; Carol and Kuntz, 2001). 
Taking these results into account, one might infer 
that an increase in expression of pds could lead to 
increased transcript level and even protein level 
withc^ut having any effect on carotenoid biosynthesis. 

Antisense expression of pds in transgenic tobacco 
plants led to an accumulation of the direct precursor 
phytoene to different extents. These differences could 
be due in part to position effects (Wilson et al., 1990). 
Homozygous antisense expression in line PDS 13 
led to a lethal phenotype, as did some progeny of 
lines with multiple insertions of the transgene, ex- 
cluding insertion effects as the reason for the pheno- 
type. Along with phytoene accumulation, there was a 
concomitant decrease in /3-carotene, xanthophylls, 
and chlorophylls. In general, we found similar reduc- 
tion rates for xanthophylls and chlorophylls. The 
decrease in xanthophylls is a direct consequence of 
the reduced synthesis of higher desaturated car- 
otenes. The decrease in chlorophyll content, how- 
ever, fits the same reason as for antisense expression 
of ;jsyl. However, the increase in total carotenoids in 
plants accumulating phytoene might indicate some 
kind of up-regulation by an increased flow of metab- 
olites into the carotenoid biosynthesis pathw^ay. 

Regulation of carotenoid biosynthesis was exam- 
ined in greatest detail in chromoplasts of ripening 
fruits from tomato, pepper, and daffodil {Narcissus 
pseudonarcissus). Concerning regulation in leaves and 
seedlings, there are contradictory results. Increased 
psy and pds transcript levels were found in tc^mato 
seedlings treated w ith the PDS inhibitor norflurazon 
(Giuliano et al., 1993; Scolnik and Giuliano, 1994) and 
plants of the tomato mutant ghost bearing a mutation 
in the tomato gene encoding PTOX (Scolnik et al., 
1987; Josse et al., 2000), indicating an end product or 
stress-dependant regulation. The same conclusion was 
made for transgenic tobacco plants having a chimeric 
PDS promoter/ /3-glucuronidase fusion that upon nor- 
flurazon treatment yielded higher j^-glucuronidase ac- 
tivity (Corona et al., 1996). Unchanged expression lev- 
els were reported for norflurazon-treated Arahidopsis 
plants (Wetzel and Rodermel, 1998), in the mutant 
IMMUTANS (Wetzel et al., 1994), and for Capsicum 
anniiin plants treated with different inhibitors for PDS 
alone or PDS and ZDS together. The transcript levels 
of psy, pds, zds, and PTOX remained constant (Simkin 
et al., 2000). Por tobacco, we found unchanged tran- 
script levels for all examined carotenoid biosynthesis 
genes (psyl, psy 2, pds, zds, Ic yh) although there were 
severe depletions in carotenoid biosynthesis compara- 
ble with those bv norflurazon treatment. The increase 
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in total carotenoids due to inhibition of phytoene de- 
saturation by different approaches thus implies a reg- 
ulation that obviously is performed by different 
modes in tomato on one side and tobacco, pepper, and 
Arabidopsis on the other. For the latter, a post- 
transcriptional regulation can be fa\'ored and remains 
to be elucidated. 

Blocking of the pathway leading to carotenes at the 
step of PSY and PDS led to strong effects both at the 
metabolic and at the phenotypic level. It was dem- 
onstrated that antisense expression of both enzymes 
can lead to lethal phenotypes, and expression of PSY 
imposes severe damage to transgenic tobacco plants. 
Both enzymes can be regarded as herbicide targets, 
which was clearly known before for PDS, because 
herbicides blocking this step are known but not for 
PSY, for which there are no known inhibitors and so 
far no plants with a block at that step. 

MATERIALS AND METHODS 
Cloning of PSY, PDS, and ZDS 

The tobacco (Nicotiana tabacum cv Petit Havana 
SRI) psy was cloned by amplification of a partial 
coding sequence using primers specific for the psy 
sequence of Arabidopsis (Castignano and Giuliano, 
1997). Tobacco cDNA (cDNA synthesis kit; Strat- 
agene, Heidelberg) was prepared from total RNA 
(RNeasy plant; Qiagen, Hilden, Germany) extracted 
from 4-week-old seedlings. The cDNA w^as ligated to 
marathon adaptors (CLONTECH, Palo Alto, CA). Us- 
ing the Arabidopsis specific primers (5'-TAT GCT 
AAG ACG TTT TAT CTT GGA AC and 5' -CCA TAC 
AGG CCA TCT GCT AGC) two fragments were am- 
plified and sequenced according to the method of 
Sanger and Coulson (1974). 5'- and 3'-terminal frag- 
ments were cloned based on a RACE protocol by 
amplification w^ith each gene-specific primer (5'-CCA 
TCG ACT AGC TC A TCC GTT CTC CTG CAC C and 
5'-AAG CCG GTC TTC CCA CCT ATC TAA GGC 
TTG G for the 5 '-terminal fragment of p^y\ and 2, 
respectively, and 5'-AGT AGG ACT GAT GAG TGT 
TCC AGT TAT GGG TAT TGC ACC for the 3'- 
terminal fragment of both p^y\ and 2) and primer apl 
(CLONTECH). Resulting fragments were sequenced, 
and psy\ and psy2 were assembled according to o\'er- 
lapping sequences. 

The tobacco pds was cloned based on a 369-bp 
sequence from Nicotiana bcuthauiiana phytoene dehy- 
drogenase precursor mRNA, partial coding secjuence 
(Kumagai et al., 1995; accession no. U19262) by using 
a RACE protocol. 5'-Terminal and 3'-terminal frag- 
ments of pds w ere amplified w ith each gene-specific 
primer (5'-CCA CCT TTT GAC TCA ATA TGT TCC 
AC A ATC C,GC and 5'<^TC AAA AGG TGG CCA 
AGT CAG ACT AAA CTC ACG, respectively) and 
apl primer (CLONTECH). The resulting fragments 
were sequenced and pds was assembled according to 
ov erlapping sequences. 


The tobacco zds was cloned by amplification of a 
3 '-terminal portion of the gene from cDNA using an 
Arabidopsis forward primer (5'-GAG CTG GAC TTG 
CAG GCA TGT CG) and an oligo(dT)iH primer. The 
resulting fragment w^as sequenced. A 5 '-terminal 
fragment of ZDS was amplified from cDNA ligated 
to marathon adaptors (see above) by using one gene- 
specific primer (5'-TCC ACC TCA TGT CCT TGA 
TCC AAG AGC TCC) and primer apl (CLONTECH). 
The resulting fragment was sequenced and the se- 
quence of ZDS was assembled according to overlap- 
ping sequences. 

Sequences of psy\, pds, and zds were confirmed by 
amplification of the genes from a different cDNA 
w^ith primers binding at the very ends of the com- 
pletely assembled sequences (5 '-AG A A AC CCA 
GAA AGA ACA ACA GGT TTT G and 5'-CTC ACT 
TGA GGG TTT GAT GAG TGT GG for psyl, 5'-GGC 
CTT TCC ACC ACA AAT TTC CAG and 5'-GCA 
CAT ATT TTG TGT AAC ATT TCT CGT ATT TGG 
for pds, and 5' -CTG GCA TCT ATC TGC CAA ATT 
TCC and 5'-TCT TCT CAA TGA ATG ATG AGC 
AAT ACG ATC C for zds). The resulting fragments 
were sequenced. 


Plasmid Constructions 

The tobacco psyl- and pds-codin^ sequences were 
amplified from tobacco SRI cDNA using primers 
generating an Xma\ restriction fragment after cleav- 
age with Xbal (5'-TTC CCG GGT TGT TTC ATG AGC 
ATG and 5'-TTC CCG GGT CAT TCA TGT CTT TGC 
for psyl and 5'-TTC CCG GGC TCA GTA AAA TGC 
C and 5'-TAC CCG GGC TAA ACT ACG CTT GC for 
pds). The tobacco ;7Si/2-coding sequence was ampli- 
fied from tobacco SRI cDNA using primers generat- 
ing an EcpRI restriction fragment after cleavage with 
EcoRI. The resulting Xinal and EcoRl fragments were 
ligated into the Xma\ and EcoRI restriction site of the 
binary plant expression vector pSS (Voss et al., 1995), 
resulting in vectors pPSYl^ and pPSYl for psyl, 
pPSY2^ and pPSY2 for psyl, and pPDS ' and pPDS 
for pds. The superscripts + and — indicate the orien- 
tation of the transgene as sense and antisense, respec- 
tively, as identified by restriction analyses. pSS is a 
derivative of the plasmids pPCV002 and pRTlOl 
(Koncz and Schell, 1986; Topfer et al., 1987) and 
contains a double 35S RNA promoter in combination 
with the termination sequence of the 35S RNA. In 
parallel, zds and Icyh (Cunningham et al., 1996; ac- 
cession no. X81787) were amplified from cDNA with 
primers generating an Xma\ restriction fragment after 
cleavage with Xmal (5'-AAC CCG GGA TAG CAC 
GAT TCA ATG and 5 ' AAC CCG GGA TTT CCA 
GTC ATC AGA C for zds and 5'-TTC CCG GGT GTT 
GGA AGA TAT GG and 5'-TTC CCG GC^T TCC TGG 
TAA GTC ATT C for kyh). Xmal and /:c oRI fragments 
of carotene biosynthesis genes psyl, psyl, pds, zds, 
and Icx/h were ligated into Xtjwl and ErtiRI-digested 
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and -dephosphorv lated \'ector pGEM7Zf( + ). The ori- 
entation of the transgenes was identified by restric- 
tion analysis with H//(dIII (Promega, Mannheim, Ger- 
many). The resulting plasmids were used for 
generating RNA by in \ itro transcription (RiboMax 
large-scale RNA production system, Promega). All 
plasmid manipulations were carried out according to 
the methods described by Sambrook et al. (1989). 


Plant Transformation 

N. tabacum cv Petit Havana SRI (Maliga et al., 1973) 
was transformed with the constructs pPSYl", 
pPSY2\ and pPDS ' by Agrobactcriuui tumefacicns- 
mediated gene transfer according to the method of 
Horsch et al. (1985). Vector pSS was used to generate 
kanamycin-resistant control plants. 

In parallel, transformation w^as performed bv 
cocultivation of regenerating tobacco protoplasts 
with A. tumcfacicns (Fischer and Hain, 1995). Leaf 
protoplasts of tobacco were isolated from sterile 
shoot culture grown on half-concentrated LS me- 
dium (Linsmaier and Skoog, 1965) according to the 
method of Nagy and Maliga (1976). Protoplasts at a 
concentration of 1 x 10^/6 mL K3 medium (Nagv 
and Maliga, 1976) were cultured for 3 d in the dark. 
Regenerating protoplasts were mixed with 100 to 200 
Agrobacteria (grown in YEB medium) per protoplast 
and cocultured for 3 d at 26°C and 3,000 lux. Plant 
cells were washed twice wath W5 medium (0.125 m 
CaCU, 0.155 M NaCl, 5 mM KCl, 5 mM Glc, pH 5.6) 
and resuspended in K3 medium containing 1 mg L ^ 
naphthylacetic acid, 0.2 mg kinetin, and 500 mg 
L cefotaxim. Plant cell suspensions were incubated 
for 1 d under the conditions described above. The 
plant cells w^ere beaded in agarose (Shillito et al., 
1983) and agarose beads were kept under K3 me- 
dium. Medium w^as replaced every w^eak with fresh 
K3 medium and osmotic pressure was decreased by 
0.1 M Sue every 2 weeks. Selection of transformants 
was started when refreshing medium for the first 
time by adding 100 mg L ^ kanamycin acid sulfate 
(Sigma, Deisenhofen, Germany). 


Regeneration of Plants 

SRI wild-type and transgenic tobacco plants from 
leaf disc transformation were regenerated on LS me- 
dium (Linsmaier and Skoog, 1965), and calli from 
protoplast cocultivation were regenerated on selec- 
tive (100 mg/L kanamycin acid sulfate) or nonselec- 
tive LS medium containing 0.5 mg L ^ benzylami- 
nopurine. Kanamycin-resistant tobacco shoots were 
selected on LS medium containing 100 mg L ^ kana- 
mycin. After rooting, shoot tips were cut off and 
transferred to fresh LS medium in sterile culture. 
Residual shoots were set to soil and grown in the 
greenhouse. The indixidual transformants were 


named according to the transformed plasmid and 
consecutix ely numbered. 

Seeds of transgenic tobacco were germinated on LS 
medium containing 200 mg L ^ kanamycin. After 3 
weeks, kanamycin-resistant F^ seedlings were trans- 
ferred to soil. 

Carotenoid Content 

One fully developed leaf was cut off and immedi- 
ately frozen in liquid nitrogen. Plant material was 
disrupted with a mortar and pestle and stored for 
further analysis. An aliquot of 0.4 g was extracted 
with 3 mL of acetone. Filtered extract (25 /lxL) was 
measured on a Prontosil 200-5 C30 5-)Ltm column 
(Macherey & Nagel, Dueren, Germany) with a length 
of 15 cm using a 30-min gradient of ethyl acetate 
(30% to 60%), followed by a 5-min gradient of ethyl 
acetate (60"o to ^0"-), and followed by an isocratic 
solvent of ethyl acetate (90"o) in methanohwater (9:1 
[v/v]) at a flow rate of 1 mL min ^ Identification of 
carotenoids was carried out using their retention 
time relative to known standards with detection at 
280-, 350-, 400-, and 450-nm wavelength. The absorp- 
tion spectra of individual pe^aks were taken and com- 
pared with published data (Britton, 1995). 

RNA Isolation and Northern-Blot Analysis 

Poly(A^) RNA was purified from frozen tobacco 
material by the use of Dynabeads oligo(dT)25 (Dynal, 
Oslo) and used in northern hybridization as indi- 
cated in the figure legends. RNA was separated on a 
denaturing 1.5% agarose/formaldehyde gel and 
transferred to nitrocellulose filters according to the 
method of Sambrook et al. (1989). As probes, psy and 
pds fragments w^ere labeled by random primed label- 
ing (Stratagene) to a specific activity >8 X 10^ cpm 
/Lxg DNA. Hybridization was for 16 h at 42°C, and 
washes were at 50 =C in 0.1> SSC and 0.1% SDS. 
X-ray films were exposed for 3 d at — 70°C using 
intensifier screens. 


Quantitative RT-PCR 

Quantitative RT-PCR was performed using the 
Light Cycler Instrument (Roche, Mannheim, Ger- 
many) with hybridization probes based on fluores- 
cence resonance energy transfer and the Light Cycler 
RNA Amplification Kit Hybridization Probes 
(Roche). Primers and probes were designed for quan- 
tification of fragments of about 300 bp each in the 
C-terminal region of p^y\, p^y2, pds, zds, and Icyh, In 
vitro transcribed RNA (i\'RNA) of the genes w^as 
quantified using SYBR Green II (Sigma) in a fluoro- 
metric assav (Schmidt and F.rnst, 1995). Dilutions of 
10 ^ to 10 ^ representing ivRNA concentrations of 
about 2 ng y:xL to 20 fg ^tL ^ were used in quanti- 
tative RT-PCR for calibration and for calculating rel- 
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ative contents of specific transcripts in mRNA prep- 
arations from transgenic plants in comparison with 
control plants. The contents were related to total 
mRNA concentration determined by SYBR Green II 
quantification (see above). The specificity of each pair 
of probes was shown by cross-test w^ith ivRNA of 
other genes that resulted in no detection (data not 
shown). The contamination with genomic DNA was 
excluded by performing the quantitative RT-PCR 
without the initial step of 10 min at 55°C, thus ex- 
cluding the reverse transcription. A negligible con- 
tamination of 0.04% at the most was determined. The 
primer and probes used (with fluorescein label [F], 
LC-Red640 label [L], phosphorylation [p]) were as 
follow^s: for 5'-C3TT ACT ATG TTG CTG GTA 

CTG TAG GA, 5'-GCT TCA ATC TCG TCC A AT 
ATC TTG, 5'-TGG ATG AGT GAG AGA AAG GTG 
TCA CAG A-F, 5'-L-TGG ACT CTG CTA GTA GAT 
GGC CTG T-p; for ;7Si/2, 5'-TCA GAG ATG TTG GAG 
AAG ATG C, 5'-GCt TCA ATC TCG TCC AAT ATC 
TTG, 5' -CAG AGG AAG GAG TTA CAC AAC TGA 
GCT-F, 5'-L-AGC TAG CAG ATG GCC TGT ATG 
GG-p; for pds, 5'-AGG AAT ATT ACA ACC CCA 
ATC, 5'-CGT AAT CCT GTA CAA TAG CTT G, 
5'-TAT TTA GCT GGT GAG TAG AGG AAA CAG 
AA-F, 5'-L-AGT ACT TGG CTT CAA TGG AAG 
GTG CTG-p; for zds, 5'-CTT GCA TTG GCA TGT 
CCT GAA G, 5'-TAT GCA GAT GCT TCC CTA CCT 
G, 5'-GCA TGT AAG GGT CAC CAG GTG TAA 
GGA CA-F, 5'-L-ATT GAA GCA ATG AGG CTT 
GGC CCT C-p; for Icyb, 5' -TTG AAG AGG ACG 
AGG ATT GTG TAA, 5'-CAT CGA AAA ACC TTG 
TTG TAG CG, 5' -TGT TGA GGG ATG AAC CAG 
ACC AGC T-F, 5'-L-ACC ACC AGT TCC AAC AAC 
TGT CTG AGG-p. 
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